Objective: To examine the associations between various lifestyle factors-smoking habits, physical activity, dietary habits, coffee, tea, and alcohol consumption-and homocysteine (tHcy) in relation to MTHFR(C677T) genotype. Design: Cross-sectional population-based study. Setting: Residents of Copenhagen County, Denmark. Subjects: A random sample of 6457 men and women aged 30-60 years drawn from the Civil Registration System and invited to a health examination in 1999-2001. A total of 2788 participants were included in the statistical analysis. Main outcome measures: tHcy was measured using a Fluorescent Polarization Immuno Assay. MTHFR-genotype was determined by PCR and RFLP analysis. Information about lifestyle factors was obtained from a self-administered questionnaire. Results: Daily smoking, less healthy dietary habits, and coffee drinking were associated with elevated tHcy concentrations independent of other determinants. Wine consumption was related to tHcy in a J-shaped manner, whereas beer consumption was negatively associated with tHcy after multiple adjustments. Interaction was observed between smoking status and MTHFRgenotype, smoking status and sex, and beer consumption and age. The effect of smoking was more pronounced in persons with the TT genotype and in women. The effect of beer consumption was more pronounced at younger than at older ages. Conclusions: Smoking status, dietary habits, coffee intake, wine, and beer consumption were major lifestyle determinants of tHcy. Changes in these lifestyle factors may reduce tHcy concentrations, thereby lowering cardiovascular risk in the general population.
Introduction
It has been hypothesized that homocysteine (tHcy) is causally related to cardiovascular disease in the general population (Boushey et al, 1995; Graham et al, 1998; Ford et al, 2002; Homocysteine Studies Collaboration, 2002; Meleady et al, 2003) . A reduction in tHcy may thus be clinically relevant in the prevention of cardiovascular disease, and it is, therefore, important to identify modifiable factors that influence the tHcy concentration.
Besides age and sex, tHcy is related to a combination of genetic determinants and lifestyle conditions. Vitamin deficiency is among the principal causes of elevated tHcy in the general population (Selhub et al, 1993; Clarke & Armitage, 2000) . In addition to diet, other lifestyle factors such as smoking, physical activity, and consumption of alcohol, coffee and tea may have an effect on tHcy concentrations in the general population (Nygard et al, 1995 (Nygard et al, , 1997 (Nygard et al, , 1998 Ubbink et al, 1998; Rasmussen et al, 2000; De Bree et al, 2001a; Jacques et al, 2001; Koehler et al, 2001; Mayer et al, 2001; Saw et al, 2001) . The thermolabile variant of the methylenetetrahydrofolate reductase (MTHFR(C677T)), a regulating enzyme in tHcy metabolism, is an important genetic determinant of tHcy (Frosst et al, 1995) . Persons homozygous for the mutant T-allele have higher tHcy concentrations than persons with CC and CT genotypes (Husemoen et al, 2003) . Moreover, the MTHFR(C677T) polymorphism has been shown to modify the relation between B-vitamin intake and tHcy (Jacques et al, 1996a (Jacques et al, , 2002 Hustad et al, 2000) . Suboptimal vitamin status is associated with much higher tHcy concentrations in persons with the TT genotype than in persons with the CC or CT genotypes. Other lifestyle factors may also interact with the MTHFR(C677T) polymorphism.
A few studies have explored the associations between tHcy and multiple lifestyle factors in large representative samples of the general population (Nygard et al, 1995 (Nygard et al, , 1998 De Bree et al, 2001a; Jacques et al, 2001) . However, these studies have not adjusted for the confounding effects of the MTHFR(C677T) polymorphism nor considered the potential gene-lifestyle interactions.
In this cross-sectional study, we examined the effects of various lifestyle factors on tHcy in relation to MTHFR(C677T) genotype in a population-based random sample of 2788 Danish men and women aged 30-60 years.
Materials and methods

Study population
The subjects were participants in the Inter99 study, a population-based randomized clinical trial, investigating the effect of nonpharmacological intervention on cardiovascular disease and diabetes. The subjects and methods have been described in detail elsewhere (Husemoen et al, 2003; Jørgensen et al, 2003) . Briefly, the study population consisted of an age-and sex-stratified random sample of 13 016 residents of the southern part of Copenhagen County drawn from the Civil Registration System. A total of 6457 eligible persons were a priori selected for tHcy determination and invited to a health examination during 1999-2001. Data were collected with a self-administered questionnaire, a physical examination, and blood tests. The participation rate was 49.2% (n ¼ 3177). A total of 389 participants were excluded due to missing data on tHcy and/or MTHFR(C677T) genotype, leaving 2788 (43.2%) persons for statistical analyses.
Self-administered questionnaire
The self-administered questionnaire provided information on social conditions, history of chronic disease, medication, and several lifestyle and dietary habits.
Social class was defined on the basis of questions regarding number of years of vocational training and employment status and categorized into five classes: class 1 (unemployed and no vocational training), class 2 (unemployed and 41 year of vocational training), class 3 (employed and no vocational training), class 4 (employed and 1-3 years of vocational training), and class 5 (employed and 43 years of vocational training). Classes 1 and 2 were combined for the statistical analyses.
A history of chronic disease (yes/no) was defined as a positive answer to questions regarding ischaemic heart disease, other cardiac diseases, cerebrovascular disease, diabetes, and hypertension.
Smoking status was recorded in four categories: never smokers, ex-smokers, occasional smokers (o1 g of tobacco per day), and daily smokers.
With respect to physical activity in leisure time, participants scored themselves into one of four categories: mainly sedentary, moderate activity, regular exercise, and heavy training (Rosengren & Wilhelmsen, 1997) . Regular exercise and heavy training were combined for the statistical analyses.
Consumption of coffee and tea was recorded as the mean number of cups per day. For the statistical analyses, tea consumption was categorized into three categories: 0, 1-4, and 44 cups per day. Coffee consumption was categorized into four categories: 0, 1-4, 44-8, and 48 cups per day.
The amount and type of alcoholic beverages (beer, wine, dessert wine, and spirit) were recorded as the mean number of bottles/glasses per week in the last 12 months. Approximate number of units of ethanol (1 unit ¼ 1.5 cl/12 g) was calculated. For the statistical analyses consumption of wine and beer were each categorized into five categories: 0, 1-4, 44-8, 48-12, and 412 units per week. Dessert wine was divided into two categories: 0 and 40 units per week. Spirits were categorized into three groups: 0, 1-2, 42 units per week.
Based on responses to qualitative questions, participants were ranked relative to each other with respect to overall dietary habits. Intakes of fruit, vegetables, fish, and saturated fat were used as indicators of ''healthy'' dietary habitshealthy meaning in accordance with the official food-based dietary guidelines in Denmark (National Consumer Agency, 1995) . A crude dietary score was calculated by giving one point whenever a person belonged to the 50% of the population having the highest intakes of fruit, vegetables, and fish, or the lowest intakes of saturated fat, respectively. Intakes of fruit, vegetables, and fish were estimated by ranking participants after number of times per week eating meals containing the respective dietary items. Participants eating fruit more than four times per week, vegetables more than nine times per week, and fish more than two times per week belonged to the 50% of the population having the highest intakes with respect to these dietary items. Intake of saturated fat was estimated by ranking participants according to the content of saturated fat in the types of fat used for cooking and on bread, respectively. The ranking was: low (none, or olive oil), intermediate (monosaturated and polyunsaturated oils, soft margarines, and low-fat spreads) and high (butter, hard margarines, and other hydrogenated fats). The 50% of the population having the lowest intake of saturated fat were defined as those persons using fat with a low content of saturated fat for cooking/on bread in combination with fat with a low or an intermediate content of saturated fat on bread/for cooking. For the final dietary score, the two extreme categories (ie those with 0 and 4 points) were combined with the neighbouring categories to give the categories: more healthy (3 or 4 points), intermediate healthy (2 points), and less healthy (0 or 1 point) dietary habits.
Physical examinations
Blood pressure was measured twice in the supine position using a mercury sphygmomanometer. We used the mean of the two measurements in our analyses. Weight and height were measured to calculate the body mass index.
Laboratory measurements
Fasting blood samples were drawn for assessment of tHcy, cholesterol, and triglyceride. tHcy was determined using a Fluorescent Polarization Immuno Assay (FPIA) (Abbott Laboratories, Abbott Park, IL, USA). Cholesterol and triglyceride were determined with enzymatic techniques (Boeringer, Mannheim, Germany). DNA was extracted from blood leucocytes, and the presence of the MTHFR(C677T) mutation was determined by PCR followed by restriction enzyme digestion analyses by the method of Jørgensen et al (2002) .
Statistical analyses
Statistics were computed with the statistical program SAS, version 8.2 (SAS Institute Inc, Cary, NC, USA). Comparisons between MTHFR(C677T) genotypes were conducted using the Kruskal-Wallis test for continuous variables and the chisquared test for proportions. Each lifestyle-tHcy association was evaluated in simple and multiple adjusted linear regression models using the SAS PROC GLM procedure.
Simple regression models were adjusted for sex, age, and MTHFR(C677T) genotype. Multiple regression models were adjusted for sex, age, MTHFR(C677T) genotype, chronic disease, social class, biological determinants, and all the other lifestyle factors, if statistically associated with tHcy or significantly affecting model estimates. Effect modification by MTHFR(C677T) genotype, sex, and age were evaluated by assessing the P-values of the respective interaction terms in the regression models. To normalize the distribution, natural logarithm transformed tHcy values were used as the dependent variable. Inverse transformations of model estimates were performed to provide proportional differences in tHcy. Covariates with 4100 missing observations were allowed a category indicating missing values in the regression analyses. Continuous variables were tested for linear associations with tHcy by including the squared terms of the variables. In case of a nonlinear relationship the variable was categorized. Linear trend across ordered categories was evaluated by scoring the categories and modelling the variable as a continuous variable in the model. F-tests and Wald's tests for single parameters were used to test for significance in the regression analyses. All P values reported are two-tailed and statistical significance was defined as Po0.05. The residuals of the final regression models were examined to verify assumptions of linearity, variance homogenicity, and normality.
Results
The study population consisted of 1349 men and 1439 women with a mean age of 46.1 years. The prevalences of the MTHFR(C677T) genotypes were 48% (CC), 42.4% (CT), and 8.8% (TT). The median tHcy was 8.1 mmol/l and the 2.5-97.5th percentiles were 4.8-17.8 mmol/l in this study population. The effects of sex, age, and MTHFR(C677T) genotype on the tHcy distribution have been described previously (Husemoen et al, 2003) .
Consumption of beer, wine, dessert wine, spirit, coffee and tea and the prevalences of smoking, physical inactivity and less healthy dietary habits were not significantly different for CC, CT, and TT individuals (Table 1) .
Smoking, physical inactivity, less healthy dietary habits, and coffee consumption were positively associated with tHcy, whereas beer and tea consumption were negatively associated with tHcy in the simple adjusted models (Table 2) . A J-shaped relation was seen for wine consumption ( Table 2) . The multiple adjusted model (Tables 3 and 4) showed essentially the same associations, except that physical activity level and tea consumption were nonsignificant. Neither dessert wine nor spirit was significantly associated with tHcy in simple or multiple adjusted models (results not shown).
The effects on tHcy of smoking, coffee, tea, and wine consumption were modified by MTHFR(C677T) genotype when analysed in simple models, the effects being more pronounced in persons with the TT genotype ( Table 2) . Less healthy dietary habits also tended to have a more pronounced effect in TT individuals, although not statistically significant (Table 2 ). However, after multiple adjustment only the interaction term between smoking status and MTHFR(C677T) genotype remained statistically significant (P interaction ¼ 0.0019) (Tables 3 and 4) .
The effect of smoking was also modified by sex (P interaction ¼ 0.0013). The effect of daily smoking was more pronounced in women than in men and in persons with TT genotype compared to persons with CT and CC genotypes (Table 4) . tHcy in occasional smokers and ex-smokers did not differ significantly from tHcy in never-smokers in either men or women, or in CC, CT, or TT individuals (Table 4) .
Beer consumption was modified by age (P interaction ¼ 0.0056). The inverse relationship was more pronounced at younger ages than at older ages. However, since the directions of the associations remained the same, only the results at age 45 years are presented (Table 3) .
Discussion
Daily smoking, less healthy dietary habits, and coffee drinking were associated with elevated tHcy concentrations independent of other determinants. Wine consumption was related to tHcy in a J-shaped manner, whereas beer consumption was negatively associated with tHcy after multiple adjustments. Interactive effects were observed between smoking status and MTHFR(C677T) genotype, smoking status and sex, and beer consumption and age.
In accordance with other large population-based studies (Nygard et al, 1995; De Bree et al, 2001a; Jacques et al, 2001 ), we observed a positive association between smoking and plasma tHcy, the effect being more pronounced in women (De Bree et al, 2001a) and in TT individuals. The relation between smoking and tHcy has been confirmed in a randomized intervention trial (Stein et al, 2002) although not in another (Tonstad & Urdal, 2002) . It has been suggested that smoking might reduce the availability of folate for the remethylation of tHcy to methionine (De Bree et al, 2002) . Other mechanisms proposed is that smoking may induce local effects in cells exposed to cigarette smoke, influence the tHcy concentration by changing plasma thiol redox status, or inhibit enzymes involved in the metabolism of tHcy (De Bree et al, 2002) . The finding of an interaction effect between smoking and MTHFR(C677T) genotype has not been reported previously. A suboptimal plasma folate status among smokers (Piyathilake et al, 1994; Cafolla et al, 2000; O'Callaghan et al, 2002 ) might explain the observed interaction, as plasma folate has been shown to interact with MTHFR(C677T) genotype (Jacques et al, 1996b; Brattstrom et al, 1998; Girelli et al, 1998; McQuillan et al, 1999; Dekou et al, 2001; Saw et al, 2001 ). The involvement of folate is further supported by another study in which smoking was reported to interact with the dietary intake of folate (De Bree et al, 2001b) .
Several studies have showed that B-vitamin status is a major determinant of tHcy in the general population (Jacques et al, 1996b (Jacques et al, , 2002 Hustad et al, 2000; Moat et al, 2003) . Little attention has been given to the effect of overall dietary pattern regarding tHcy. We found that less healthy dietary habits were associated with higher tHcy concentrations. This might be due to a lower dietary intake of the B-vitamins, but other nutritional factors may contribute as well.
We found no association between physical activity and plasma tHcy after multiple adjustments. Other observational studies have observed no (Saw et al, 2001) or only weak (Nygard et al, 1995; De Bree et al, 2001a) relations. One intervention study showed that acute exercise does not affect the plasma tHcy concentration (Wright et al, 1998) .
The positive association reported between coffee consumption and tHcy concentration is consistent with several observational (Nygard et al, 1997; Stolzenberg-Solomon et al, 1999; De Bree et al, 2001a; Jacques et al, 2001 ) and intervention studies (Grubben et al, 2000; Urgert et al, 2000; Christensen et al, 2001) . Caffeine has been proposed as the causative agent as it might act as a B6 antagonist inhibiting the conversion of homocysteine to cysteine (Grubben et al, 2000; Verhoef et al, 2002) . Chlorogenic acid, a polyphenol, also present in coffee may also be partly responsible for the increase in tHcy (Olthof et al, 2001) . When polyphenols are metabolized, methyl groups from methionine are necessary, which result in the production of tHcy (Olthof et al, 2001) .
In agreement with our results, most studies, but not all (Koehler et al, 2001; Olthof et al, 2001) , have found that tea consumption is strongly inversely associated with tHcy in univariate analyses and only weakly or not at all associated after adjustment for other lifestyle factors (Nygard et al, 1997; Rasmussen et al, 2000; De Bree et al, 2001a; Jacques et al, 2001) .
Studies examining the relation between tHcy and different types of alcoholic beverages (van der Gaag et al, 2000; Bleich et al, 2001; Jacques et al, 2001; De Bree et al, 2001c; Dixon et al, 2002) , or total alcohol (Gudnason et al, 1998; Ubbink et al, 1998; Jacques et al, 2001; De Bree et al, 2001a; Giles et al, 1999; Mayer et al, 2001 ) have been inconsistent.
We found an inverse association between beer and plasma tHcy concentrations (De Bree et al, 2001c; Jacques et al, 2001 ; Mayer et al, 2001). Consumption of wine was associated with tHcy in a J-shaped manner in this study. Large numbers of nondrinkers and small ranges of intake among drinkers of dessert wine and spirit in our study population might cause the absence of an association between these types of beverages and tHcy.
It has been suggested that consumption of alcoholic beverages is related to tHcy in a J-shaped manner (Halsted, 2001; De Bree et al, 2002) . Consumers of large quantities of alcohol have raised tHcy that are due to ethanol-induced B-vitamin depletion (Cravo et al, 1996; Koehler et al, 2001) . The high concentrations of B-vitamins present 
Smoking status Never-smokers (n ¼ 959) 0 0 0 0 Ex-smokers (n ¼ 110) À1.8 (À4.8-1.3) À2.7 (À6.8-1.6) À1.8 (À6.3-3.0) 4.1 (À6.2-15.6) Occasional smokers (n ¼ 681) À3.9 (À9.7-2.3) À4.0 (À11.8-4.6) À7.5 (À16.7-2.8) 10.1 (À8.5-32.5) Daily smokers (n ¼ 1022) 6.9 (4.0-9.9) 4.6 (0.5-8.9) 5.6 (1.2-10.2) 28.4 (16.8-41.2) P trend o0.0001
Dietary habits
More healthy (n ¼ 997) 0 0 0 0 Intermediate healthy (n ¼ 723) 3.0 (À0.1-6.1) 3.3 (À1.0-7.8) 2.1 (À2.6-7.0) 5.2 (À5.3-16.9) Less healthy (n ¼ 1001) 10.2 (7.2-13.4) 8.6 (4.3-13.1) 9.7 (5.1-14.4) 22.2 (11.5-33.9) P trend o0.0001
2.4 (À1.5-6.4) 1.6 (À3.9-7.4) 2.8 (À3.3-9.2) 4.4 (À7.7-18.0) 44-8 (n ¼ 892) 6.4 (2.2-10.8) 6.2 (0.4-12.4) 6.0 (À0.5-12.9) 9.4 (À3.8-24.4) 48 (n ¼ 382) 9.9 (4.8-15.2) 5.7 (À1.0-12.8) 10.7 (2.9-19.2) 37.4 (16.9-61.3) P trend o0.0001
À4.1 (À7.9-À0.2) À2.5 (À7.7-3.1) À3.3 (À9.1-2.9) À18.1 (À29.5-À4.8) Homocysteine, lifestyle, and MTHFR-genotype LLN Husemoen et al predominantly in beer may be responsible for the inverse effect of beer drinking (van der Gaag et al, 2000) and may in moderate consumers prevent the alcohol-induced tHcy increase caused by ethanol. Betaine, which is present in wine, and used in a metabolic route independent of folate to methylate tHcy to methionine may also play a role (De Bree et al, 2001a) . We did not have information on vitamin status of the participants. Flour is not fortified with folic acid in Denmark as it is in USA. A suboptimal vitamin intake is related to elevated tHcy as well as some of the examined lifestyle factors, and vitamin status is thus an important confounder. Although we adjusted for overall dietary habits, residual confounding from dietary vitamin intake may explain some of the observed effects. Also, we had no information on the use of vitamin supplements, which is associated to factors related to lifestyle and health (Knudsen et al, 2001) , and therefore may have affected the results. In summary, smoking status, dietary habits, coffee intake, and wine and beer consumption were major lifestyle determinants of tHcy in this study. Given the evidence that tHcy is an independent risk factor for cardiovascular disease, it will be very important to determine whether changes in these lifestyle factors reduce tHcy concentrations. 
